Abbreviations
=============

BrdU

:   5-bromo-2′-deoxyuridine

CNS

:   Central nervous system

Dpl

:   Doppel

ERKs

:   extracellular-regulated kinases

GFAP

:   Glial fibrillary acidic protein

Hpc

:   hippocampal formation

MCAO

:   Middle cerebral artery occlusion

N-ter

:   N-terminal

NeuN

:   Neuron-specific nuclear protein

NMDA

:   N-Methyl-D-aspartate

PrPC

:   Cellular prion protein

Sho

:   Shadoo

INTRODUCTION {#s0001}
============

The mammalian prion protein family is composed of 3 members: the cellular prion protein (PrP^C^), doppel (Dpl) and shadoo (Sho); these are all GPI-anchored glycoproteins and are encoded by the *Prnp*, the *Prnd* and the *Sprn* genes, respectively.[@cit0001] In terms of domain organization, Sho resembles the natively unstructured N-terminal (N-ter) region of PrP, possessing a repeated sequence rich in arginine and glycine residues (RGG repeats) followed by a hydrophobic tract rich with 4-residue tandem alanine and valine repeats,[@cit0004] versus histidine-containing octarepeats followed by a palindromic hydrophobic domain in the case of PrP.

*In vitro* it has been shown that neurons from *Prnp*^**0/0**^ mice are more sensitive to stress.[@cit0005] The protective effect of PrP^C^ is apparent under circumstances where cells are exposed to oxidative stress,[@cit0006] elevated concentrations of copper ions,[@cit0008] protein synthesis inhibitors,[@cit0009] and excitotoxins.[@cit0011] In some experiments it has been shown that the neuroprotective effect of PrP maps to the N-terminal part of the protein.[@cit0013] *In vivo* PrP^C^ confers neuroprotection after an ischemic insult.[@cit0013] *Prnp*^**0/0**^ mice are more sensitive to stroke than wild type (wt) mice, having an increased infarct size and a modification of cell signaling cascades including extracellular-regulated kinases (ERKs), the stress-inducible kinase, Jun, and the signal transducer and activator of transcription, STAT.[@cit0014] An overload of calcium-dependent signaling has also been proposed.[@cit0020]

The physiological function of Sho has been under study for a shorter period of time than PrP^C^ and remains elusive. Since the neuroprotective action of PrP maps genetically to its N-terminal region, and since Sho N-ter bears a degree of resemblance to the PrP N-ter, a simple extrapolation is that Sho might also have a neuroprotective action. Like PrP, knockout mouse lines have been generated, and these animals remain healthy throughout their lifespan.[@cit0021] It can be noted that in neuronal cell culture, Shadoo counteracts the neurotoxic effect of Doppel and internally deleted PrP alleles ("ΔPrP") in a mechanism that may be similar to the one proposed for PrP^C^.[@cit0004] Other authors have also shown that Sho protects against glutamate excitotoxicity.[@cit0012]

In the present study we evaluated the role of Sho in transient ischemia. First, we investigated the impact of a middle cerebral artery occlusion (MCAO) stroke model on mice, which are either homozygous (*Sprn*^0/0^) or heterozygous (*Sprn*^**0*/+*^) for a fully penetrant null allele of the *Sprn* locus. In addition we have analyzed the early effect of this genetic deficiency by analyzing ischemia in homozygous null mice 24 hrs after the event and the effect of genetic complementation (i.e. restoration of Sho levels) using transgenic Tg*Sprn* mice overexpressing Sho on the same null background.

RESULTS {#s0002}
=======

Ischemia with 14 Days Recovery {#s0002-0001}
------------------------------

In a first set of experiments wt, *Sprn*^**0*/+*^ and *Sprn*^**0/0**^ animals were subjected to a transient focal cerebral ischemia and were then allowed a total of 14 days of recovery; experimental groups and the results of surgical treatments are presented in [**Table 1**](#t0001){ref-type="table"} (Experiment I)**.** Two trends were apparent in this dataset. First, while 20% (1/5) of wt animals did not survive 2 weeks after surgery, the percentage of death in heterozygous and homozygous null animals was increased, being 2/4 and 3/5 (i.e., 50 and 60%, respectively), suggesting a net increase in the fragility of these animals. Secondly, deaths in heterozygous and homozygous null animals occurred earlier than in wt mice (on day 1 and day 2, n = 2, n = 3 in heterozygous and homozygous null, respectively, vs. a single wt animal at day 7). TABLE 1.Survival after stroke measured at 24 hrs and 14 days (n)   GenotypeExperiment IPlanned recovery period (days)Premature deaths during day 1Survival to endpoint, n (%)wt51404^1^ (80)*Sprn*^**0*/+*^41422 (50)*Sprn*^**0/0**^51422^2^ (40) Experiment II   Wt141212 (86)*Sprn*^**0/0**^181414 (78)*Sprn*^0/0^-Tg*Sprn*^**+/-**^121111 (92)[^2][^3]

At day 14 survivors were sacrificed and coronal sections of the brain cut and stained with cresyl violet to determine net neuronal loss; in these analyses the Nissl bodies of neurons appear deep blue and a weaker intensity or absence of staining denotes degeneration of neurons ([**Fig. 1A, D, G**](#f0001){ref-type="fig"}). Staining was detected uniformly in the contralateral region of the brain, whereas lighter staining was observed on the ipsilateral side in the region of the stroke appears, notably in the putamen. We observed neurodegeneration in each of the 3 genotypes (i.e. wt **(A),** *Sprn*^0/+^ **(D)** and *Sprn*^0/0^ **(G).** Adjacent sections of this group of experiment were used for immunohistochemistry with anti-glial fibrillary acidic protein (GFAP) **(B, E, H)** and anti-neuronal nuclei (NeuN) **(C, F, I).** The expression of GFAP, a glial marker, increases in the penumbra of the stroke, whereas the level of NeuN, a neuronal marker is decreased in the corresponding area. No change in expression was observed on the contralateral side for either protein. FIGURE 1.Immunohistochemical staining of 3 mouse genotypes at 14 days post treatment. Representative coronal sections of brains are presented from wt **(A, B, C)**, *Sprn*^0/+^ **(D, E, F)** and *Sprn*^**0/0**^ mice (**G, H, I**) stained with Nissl (**A, D, G**), or processed by immunochemistry for GFAP (**B, E, H**) and NeuN (**C, F, I**). The ipsilateral side is on the left and contralateral side is on the right. The scale bar represents 1 mm.

Subsequent to surgery, the animal cohorts in Experiment I received injections of BrdU for 5 consecutive days, in order to detect the presence of newborn cells in the penumbra region.  At the experimental endpoint (i.e., animals living to day 14) a difference was observed in the area corresponding to the infarct compared to the contralateral side of the brain (where only sparse proliferative cells were present; not shown).  Comparing sections from the 3 different genotypes in the ipsilateral side of the brain, we observed a trend for fewer cells in knockout animals versus wt and heterozygotes **(**[**Fig. 2A**](#f0002){ref-type="fig"}). Quantifying BrdU cells, we found that the highest numbers of proliferating cells and densities for proliferating cells were found in the wt and heterozygous animals cells ([**Fig. 2B**-**C**](#f0002){ref-type="fig"}) with lower numbers in knockout animals. These labeled cells are mainly neuronal as the BrdU labeling co-localized with NeuN ([**Fig. 2D**](#f0002){ref-type="fig"})**,** [**Figures 4**-**6**](#f0004 f0005 f0006){ref-type="fig"} - while very little overlap with GFAP expression was noted ([**Fig. 2D**](#f0002){ref-type="fig"}), [**Figures 1-3**](#f0001 f0002 f0003){ref-type="fig"}. These data suggest that there is a higher rate of neuronal proliferation in the region adjacent to the ischemic core vs. more distant regions, and the proliferation is mainly in neurons 2 weeks after the ischemia event.[@cit0022] FIGURE 2.BrdU staining in 3 mouse genotypes 14 days post treatment**.** Immunohistochemistry of BrdU staining is presented in representative coronal sections of **(A)** wt, *Sprn*^0/+^ and *Sprn*^0/0^ mice. Panel **B** represents a quantification of total number of cells in the ipsilateral hemisphere labeled for BrdU. The genotypes are not significantly different (n.s.), p = 0.39. Panel **C** represents density of cells per mm^2^ in penumbra regions adjacent to infarcts. The genotypes are not significantly different (n.s.), p = 0.43. Double immunolabeling for BrdU (D1, D4) and GFAP (D2) and NeuN (D5) are also represented. Merged images are represented in panels D3 and D6. The scale bars represent 0.5mm and 50 μm, respectively. Variation among the 3 genotypes does not reach significance.

Ischemia with 24 Hrs Recovery {#s0002-0002}
-----------------------------

Beyond our first study with a 14-day observation period, we embarked on a further set of experiments with an end-point moved forward to 24 hrs post-surgery. Also, in this study we used "transgene rescued" (genetically reconstituted) *Sprn*^0/0^-Tg*Sprn*^+/−^ mice as well as wt and *Sprn*^0/0^ mice. Overexpression of the Tg*Sprn* transgene has been previously estimated at 2.5x endogenous in a wt genetic background.[@cit0023] As expected for a shorter observation period, a larger percentage of animals survived to endpoint. As per experiment I, losses by endpoint were highest in the *Sprn*^0/0^ genotype but this figure did not reach significance versus wt or *Sprn*^0/0^-Tg*Sprn*^+/−^ controls ([**Table 1**](#t0001){ref-type="table"}**: Experiment II**). While losses during surgery were 25% for null animals (6/24) vs. 0% for transgene rescued mice, these data did not unequivocally support an inference of increased fragility for null animals as 33% loss was seen for wt animals in the same experiment.

Nissl staining of coronal sections of ischemic brains from experiment II are shown in **Fig. 3** wt (**A**) is compared to *Sprn*^0/0^ (**D**) and to *Sprn*^0/0^-Tg*Sprn*^+/−^ (**G**). Infarcted areas, already discernible at 24hrs, were identified by the pallor of the damaged tissue relative to the surrounding healthy tissue. The area of pallid tissue in serial sections was used to calculate infarct volumes, which were lowest in the transgene-rescued *Sprn*^0/0^ mice ([**Fig. 3J**](#f0003){ref-type="fig"}). Loss of Nissl bodies is also associated with the increase of expression of GFAP ([**Fig. 3B, E, H**](#f0002){ref-type="fig"}) and decreased expression of NeuN (**C, F, I**) in the corresponding areas. FIGURE 3.Immunohistochemical staining of 3 mouse genotypes 24hrs post treatment. Nissl staining of cerebral infarction. Representative sections of wt **(A, B, C)**, *Sprn*^0/0^ **(D, E, F)**, and *Sprn*^0/0^-Tg*Sprn*^+/−^ **(G, H, I)** mice are shown. Normal tissue is stained deep blue while infarcted tissue with loss of neurons appears clearer **(A, D, G)**. Immunohistochemistry is shown representing the effect of brain ischemia on the expression of protein GFAP **(B, E, H)** and NeuN **(C, F, I)**. J represents a quantification of the size of the infarct volume in the 3 different genotypes (n = 8, 7, 8, respectively). Values between the 3 genotypes were not significantly different (P = 0.57). The scale bar represents 1mm.

Beside the direct infarct location, the hippocampal formation (Hpc) is frequently compromised, with elevated cell death in pyramidal neurons. This is illustrated for 3 genotypes in [**Figure 4**](#f0004){ref-type="fig"} for the subset of animals with Hpc damage (low power view, A, B, C). On the contralateral side to the lesion, normal neurons are ordered and packed tightly ([**Fig. 4G**-**I**](#f0004){ref-type="fig"}), and the Nissl substance is uniform in the cytoplasm. On the ipsilateral side neurons are injured, showing shrunken cell bodies and pyknotic nuclei ([**Fig. 4D**-**F**](#f0004){ref-type="fig"}); they are the witnesses to the damage caused by the MCAO injury. Overt neuronal loss, also evidenced by NeuN staining ([**Fig. 4J**-**K**](#f0004){ref-type="fig"}**,** and at higher power **M, N** versus **P, Q**), was apparent in wt and *Sprn*^0/0^ mice. We quantitated the intensity of staining for Nissl and NeuN staining for ipsilateral sides of the hippocampal formation and expressed this vs. contralateral (100%). A trend for the *Sprn*^0/0^ genotype to exhibit a greater % change ipsilateral: contralateral was apparent for both stains (11.3 and 13.5% greater loss of staining, respectively) but did not reach significance ([**Fig. 4S**-**T**](#f0004){ref-type="fig"}). This effect was attenuated in some, but not all transgene-rescued mice. FIGURE 4(see next page). *Sprn* genotypes and damage to the hippocampus. Nissl staining **(A-I**) and immunohistochemistry for NeuN (J-R) are represented. Low power fields of the hippocampal formation on the ipsilateral side of wt **(A, J)**, *Sprn*^0/0^ **(B, K)** and *Sprn*^0/0^-Tg*Sprn*^+/−^ mice **(C, L)** are shown in the left-hand column (scale bar represents 250 μm). The middle column represents a higher magnification of the CA2 region in the ipsilateral side of the infarct, whereas the right-hand column shows the contralateral side of the same region (scale bar represents 50 μm). Panels S and T represent staining intensity for Nissl and NeuN stain, respectively with the contralateral side shown as black bars (normalized to a value of 1.0, 100%) while gray bars represent the ipsilateral side. Sample sizes corresponded to n = 4, 3, 2 for Nissl staining and n = 3, 2, 3 for NeuN staining for wt, *Sprn*^0/0^ *and Sprn*^0/0^-Tg*Sprn*^+/−^ genotypes, respectively. For Panels S and T the ipsilateral values for the 3 genotypes were not significantly different, p = 0.80 and p = 0.43. LM: low magnification, HM: high magnification.

Among pathways for degradation of GPI-linked proteins, intersections between the endosomal/lysosomal pathway and especially autophagy have been of interest.  To begin to assess the status of autophagic pathways in our MCAO paradigm we examined the LC3 protein involved in autophagy ([**Fig. 5**](#f0005){ref-type="fig"}); these studies used an antibody that recognizes both LC3-I and LC3-II forms of this protein. Interrogation of the Hpc formation in lesioned animals revealed clustered cellular staining punctate labeling corresponding to the increase of LC3-II representing the activation of autophagy, with [**Figure 5A, C, E**](#f0005){ref-type="fig"} representing the ipsilateral side and [**Figure 5B, D, F**](#f0005){ref-type="fig"} representing the contralateral side of the CA1 region of the Hpc. In these ipsilateral/contralateral comparisons we did not notice striking differences in outcome between wt, *Sprn*^0/0^ and *Sprn*^0/0^-Tg*Sprn*^+/−^ genotypes ([**Fig. 5A, C, E**](#f0005){ref-type="fig"}**)**. We also assessed astrocytic reactivity in adjacent sections ([**Fig. 5G**-**L**](#f0005){ref-type="fig"}) but at these time points we did not notice differences between ipsilateral and contralateral sides to correlate with the induction of autophagy. FIGURE 5.Induction of autophagy. High magnification views of the CA1 region of the hippocampus for the ipsilateral side of the infarct (left panel) and the contralateral side (right panel) are presented, respectively. Immunohistochemical detection of LC3 and GFAP expressions are presented in **A-F** and **G-L**, respectively. Region of the hippocampus is represented for wt **(A, B, G, H)**, *Sprn*^0/0^ (**C, D, I, J**) and *Sprn*^0/0^-Tg*Sprn*^+/−^ (**E, F, K, L**) (scale bar represents 50 μm).

As i) PrP mRNA and PrP^C^ protein expression is described to increase during ischemia,[@cit0014] ii) fields of PrP^C^ expression are well mapped within the orderly architecture of the Hpc, and iii) induction of PrP^C^ expression might conceivably be altered by *Sprn* genotype, we decided to examine PrP^C^ expression in the Hpc and in the penumbra region adjacent to infarcts using SAF83 (C-terminal) and 12B2 (central region) PrP antibodies. We also examined Sho expression using previously described methods and a 06Sh1 polyclonal antiserum against an N-terminal epitope ([**Fig. 6**](#f0006){ref-type="fig"}).[@cit0004] Patchy staining of PrP in a granular pattern was occasionally evident in the penumbra region on the ipsilateral side of treated animals of all 3 genotypes ([**Fig. 6A, C, E**](#f0006){ref-type="fig"} vs. comparable contralateral fields in **B, D, F**). A consistent findings was decreased PrP^C^ in the Hpc on the ipsilateral side of the brain (compare [**Fig. 6G, H, I**](#f0006){ref-type="fig"} ipsilateral side vs. contralateral side). This was apparent as a loss of diffuse staining in the *stratum lacomusum moleculare* of the Hpc versus typical expression maintained on the contralateral side (bracket in figure). This type of loss of PrP^C^ immunostaining was seen in animals irrespective of their *Sprn* allelic status. While immunostaining for Sho in *Sprn*^0/0^ mice was informative in defining the residual noise in our histological procedures (corresponding to some background staining in nuclei), immunostaining for Sho in wt mice subjected to MCAO revealed parallels to findings for PrP^C^, namely a loss of staining in the ipsilateral Hpc formation ([**Fig. 6J**](#f0006){ref-type="fig"}). Loss of Sho expression was apparent in the *stratum radiatum* and *stratum oriens* in the CA1 and CA2 regions, and the molecular layer of the dentate gyrus when compared to a naive wt animal ([**Fig. 6K**](#f0006){ref-type="fig"})**.** Moreover, these findings correlating loss of PrP^C^ and Sho expression with loss of hippocampal neurons could be extended to the case of animals with the largest lesions, where damage extended to the cortex. In these instances loss of PrP^C^ and Sho immunostaining paralleled the pattern for net neuronal content produced with NeuN staining and Nissl staining ([**Fig. 7**](#f0007){ref-type="fig"}, boundary between healthy and pallid regions denoted by a dashed line). Overall, data in [**Figures 6 and 7**](#f0006 f0007){ref-type="fig"} defining loss of immunostaining offer a parallel to observations of Mittereger et al.[@cit0013] Lastly, we failed to find focal areas of Sho staining, perhaps indicative of a neuroprotective response, in penumbra regions (not shown). FIGURE 6.Local patterns of expression of PrP and Sho one day after injury. Patches of cells with PrP immunostaining above background (black arrows) are shown in the penumbra region of wt **(A)**, *Sprn*^**0/0**^ **(C)** and *Sprn*^0/0^-Tg*Sprn*^+/−^ **(E)** mice, as compared to immunostaining in the corresponding contralateral sides **(B, D, and F)**. PrP immunostaining in a low power, bilateral view of the hippocampus is represented for wt **(G)**, *Sprn*^0/0^ **(H)** and *Sprn*^0/0^-Tg*Sprn*^+/−^ **(I)** mice. **J** shows a wt animal with a stroke showing reduced PrP staining on the ipsilateral side with 12B2 antibody. Brackets show the molecular layer. Note reduced PrP staining on the ipsilateral side. Expression of Sho in wt animal exposed to the MCAO procedure **(K)** is compared to expression in a wt naive animal **(L)**; the effect resembles that seen for PrP. Scale bars represents 1 mm. FIGURE 7.Variation of expression of PrP and Sho**.** Immunostaining for PrP **(C)** and Sho **(F)** in the cortex of lesioned animals is compared to staining of the same region with Nissl dye **(A, D)** or NeuN antibody **(B, E)**. A dotted line indicates the boundary between normal cell dense regions and pallid (necrotic) regions. Scale bar represents 250 μm.

DISCUSSION {#s0003}
==========

Stroke Models, PrP^C^ and Sho {#s0003-0001}
-----------------------------

Around 17 million people die of stroke every year, thus comprising the third leading cause of death in the US.[@cit0024] Importantly, 76% of people survive their stroke, leading to a major subsequent cost in health care.[@cit0025] To date, there is no neuroprotective agent effective clinically. Thus, it is of major importance to find new approaches to prevent strokes or ameliorate their impact and finding new target genes might be very helpful in this context. With respect to the superfamily of mammalian prion proteins, beyond the neuroprotective properties ascribed to PrP^C^ and its proteolytic fragments in tissue culture paradigms,[@cit0027] there is a prior literature in the context of hypoxic and ischemic injuries. These findings can be broken down in turn, occurring in the context of heightened susceptibilities of *Prnp*^0/0^ rodents and describing a potentially compensatory effect of PrP^C^ overexpression.[@cit0013] and/or the ability of hypoxia to induce PrP^C^ expression in the vicinity of an injury or hypoxic cells.[@cit0014] Here we have sought to understand the potential role of Sho, as it has both structural similarities with the unstructured domains of PrP^C^ and has also been attributed neuroprotective action.[@cit0012] We chose to pursue a MCAO technique as this provides a degree of continuity with earlier studies concerning PrP^C^.[@cit0013] We used the contralateral, uninjured hemisphere of the brain from anaesthetized animals as a negative control. Typically, in cases of severe stroke, the neurons are the primary targets and are selectively vulnerable.[@cit0033] Our observations here with NeuN staining in the MCAO paradigm are in agreement with this notion and moreover we have shown that the cells regenerating after the ischemia are neurons, as evidenced by the co-localization of BrdU with NeuN.[@cit0034]

Notably, while MCAO is routinely used to induce focal ischemic stroke in mice, the period of occlusion is associated with drastic differences in ischemic cell death in the mouse model. A fivefold increase in infarct volume in C57BL/6 mice has been reported when increasing occlusion duration from 15 to 30 minutes.[@cit0035] After observing considerable mortality in our 14 d recovery animals (30 minute occlusion, FVB/N inbred strain), 24 hrs recovery and a slightly shorter occlusion period (20 min) was used to reduce ischemia-induced mortality in Experiment 2 using the same inbred strain genetic background. However, this shorter duration of occlusion was associated with an increased variability in infarct size.

Cellular Mechanisms and Allelic Effects in the MCAO Model {#s0003-0002}
---------------------------------------------------------

During ischemic episodes, N-Methyl-D-aspartate (NMDA) receptors can exert an effect in mediating glutamate excitotoxicity.[@cit0036] PrP^C^ has been reported to interact physically with the NR2D subunits of NMDA receptors and the *Prnp* locus to correspondingly modulate excitotoxic effects.[@cit0037] It is not known if Sho interacts with NMDA receptor subunits but PrP^C^ and Sho have overlapping interactomes in N2a neuroblastoma cells and interact with each other as deduced from formaldehyde cross-linking of living cells[@cit0032] and *in vitro* studies,[@cit0038] so formation of heterodimeric PrP-Sho species which would prevent NMDA receptor hyperactivity is a possibility for mooted protective effects. Genetic studies of PrP^C^ function and turnover can be confounded by use of viral promoters.[@cit0039] or splice site deletions that affect neighboring loci.[@cit0002] In the studies here we compared the endogenous wt mouse *Sprn* allele, a fully penetrant null allele deriving from 129 ES cells with a single-copy of the targeting vector[@cit0021] and backcrossed to make an FVB/N congenic line and, thirdly, a Sho transgenic line on the same FVB/N strain background driven by the *Prnp* promoter and with a mild level of overexpression. (2.5x endogenous levels in an *Sprn* wt background and 1.5x in an *Sprn*^0/0^ background.[@cit0040]) In general we observed trends whereby the homozygous null animals were more fragile and compromised in endpoint measures such as infarct volume when compared with wt controls and, reciprocally, genetically reconstituted *Sprn*^0/0^-Tg*Sprn*^+/−^ mice were more hardy ([**Table 1**](#t0001){ref-type="table"}). However these effects did not reach significance and the *Sprn*^0/+^ heterozygotes included in our first experiment resembled either wt animals or *Sprn*^0/0^ animals, depending on the endpoint measure. We also noted, as per prior studies, that *Sprn* genotype had no discernible effect upon PrP^C^ levels.[@cit0004] The lack of significant effects of *Sprn* allelic composition on endpoint measures can be reconciled with 2 possibilities that are not mutually exclusive: first, that any effects of *Sprn* alleles are overshadowed by the activity of PrP^C^ (which is encoded by an undisrupted wt *Prnp*^a^ locus in these experiments), and secondly that potential effects of *Sprn* alleles are small and overshadowed by experimental noise (e.g. animal-to-animal variation) encountered in the surgical procedure to occlude arterial blood-flow for a period of 20 minutes. To clarify the first possibility, i.e. that endogenous PrP^C^ obscures the effect of Sho, further studies will need to include the performance of *Prnp*^0/0^ and *Prnp*^0/0^ + *Sprn*^0/0^ mice as important points of reference; indeed it is possible that a tendency for a protective effect of Sho might have reached significance in comparisons *Prnp*^0/0^ vs. *Prnp*^0/0^ + *Sprn*^0/0^ mice (as adult *Prnp*^0/0^ + *Sprn*^0/0^ mice are known to be viable).[@cit0021]

Neuronal Death, Expression and Localization of Sho and PrP^C^ {#s0003-0003}
-------------------------------------------------------------

The MCAO paradigm used here is capable of producing lesions that can occupy up to 25% of the cortical area in coronal sections, as well as affecting the Hpc ([**Figs. 1, 3, 4**](#f0001 f0003 f0004){ref-type="fig"} and **S1**). These lesions are readily visualized by loss of Nissl staining and by loss of NeuN immunoreactive cell bodies and they are accompanied by an increased LC3-reactive structures indicative of an autophagic response to cellular damage. As stated above, significant genotypic effects upon these damage measures were not attained, but since expression of PrP^C^ in MCAO-treated mice has been described as being elevated within 24 hrs of the procedure,[@cit0013] we explored lesioned animals for this effect and for possibly related effects concerning Sho. We sought focal patches of Sho staining in the penumbra region (as per PrP) but failed to obtain results supportive of this effect.  On the other hand, a dramatic loss of net PrP^C^- and Sho-immunoreactivity was clearly apparent in lesioned hemispheres. We note that re-localization effects have been described under certain conditions in tissue culture - for example, under conditions in which ER import is attenuated, Sho relocates from the cell surface to the mitochondria.[@cit0012] - raising the question of whether perceived decreases in focal immunostaining in these regions might be balanced by increases in immunostaining in other structures, but within the parameters of the applied MCAO paradigm no such redistribution was apparent, just a net loss of staining.

As PrP^C^ is a neuronal protein expressed on the cell surface and subject to axonal transport, its disappearance from neuronal processes in dying neurons seems plausible and reiterates results obtained by Mitteregger et al.[@cit0013] for the necrotic zone of lesions, assessed both by immunochemistry and by western blot analyses. In our studies 2 anti-PrP antibodies yielded the same effect and this response was closely paralleled by weakened Sho immunostaining, correlating with pallid staining with Cresyl Violet and weak NeuN immunostaining.  From the use of doxycycline-regulated transgenes we know that the half-life of mouse PrP^C^ in the healthy brain is about 24 hrs.[@cit0041] For the immunostaining experiments presented here ([**Fig. 6**](#f0006){ref-type="fig"}) the experimental endpoint was also 24 hrs, so the dramatic reduction in immunostaining may represent something more than a simple failure by affected neurons to continue ongoing protein synthesis. Selective reduction of PrP^C^ and Sho only the ipsilateral side of affected brains excludes autolysis during tissue preparation as a relevant variable here and suggests other types of protein breakdown (perhaps related to down-regulation effects seen for PrP^C^ and Sho in prion infections[@cit0004] or a simple consequence of release of proteases during necrosis), while yet different effects involving upregulation may operate in the penumbra zone. This perspective avoids 2 potential contradictions, namely (i) how can a molecule like PrP^C^ with locally falling levels enact the protective properties that have been ascribed to it and (ii) be reported to be up-regulated in tissue homogenates from infarcted and peri-infarcted areas in the same 24 hrs time-frame as used here?[@cit0029] However, focal accumulations of PrP^C^ inside necrotic areas, as reported by others[@cit0014] were not a feature of our analyses, a discrepancy perhaps attributable to differing genetic backgrounds (129/Ola versus FVB/NJ).

While there is a caveat that we did not reconfirm protective activities of PrP^C^ described by others, in the MCAO paradigm the endogenous *Sprn* locus or and *Sprn* transgene array had limited abilities to modulate endpoints to the point of significance. Also, focal upregulation effects of Sho in penumbra regions were not detected by immunostaining. Collectively these findings suggest that neuroprotective effects of Sho might prove to be different from those of PrP^C^. In the case of PrP^C^ genetic mapping has attributed different biological functions to different domains and has pointed to a neuroprotective role of the metal-binding octarepeats.[@cit0013] Future studies to exchange PrP^C^\'s positively charged octarepeats with Sho\'s N-terminal, nucleic acid binding Arg-Gly-Gly repeats[@cit0044] and modulating the way in which these N-terminal regions are processed to metabolically stable fragments[@cit0045] may enlighten our understanding of neuroprotective potential and associated mechanisms.

MATERIALS AND METHODS {#s0004}
=====================

Animals {#s0004-0001}
-------

Animals were housed in groups up to 5 under a 12-h light/dark cycle with food and water *ad libitum* before and after surgery. All animal protocols were in accordance with the Canadian Council on Animal Care and were approved by the Institutional Animal Care and Use Committees at the University of Alberta. Animal used in this study were from the FVB/NJ background, wt, *Sprn*^0/+^, *Sprn*^0/0^ and rescued knockout (*Sprn*^0/0^-Tg*Sprn*^+/−^). The generation of knockout and transgenic mice have been described elsewhere.[@cit0021] Mice were aged 161-184 days for the experiment with 14 days recovery and 230-415 days for the experiment with one day of recovery.

Stroke Procedure {#s0004-0002}
----------------

Two separate experiments were performed. Focal ischemia was induced using a transient middle cerebral artery occlusion (MCAO) technique. Briefly, animals were anaesthetized with 2% isoflurane (70:30, 02:N~2~0) and put into supine position. Body temperature was maintained at 36--37 **°**C with an electric heating pad with feedback from a rectal probe coupled to a temperature regulator. Aseptic procedures were used for all surgeries. First, the common carotid artery, external carotid artery and internal carotid artery were dissected and exposed.  A monofilament (7--0 suture with 5--6 mm long coating tip, diameter 0.15--0.25 mm, Doccol Corporation, USA) was inserted into external carotid artery and advanced to the internal carotid artery, blocking the origin of middle cerebral artery. In the first experiment, the filament was held in place for 30 min before removal and animals were allowed 2 weeks recovery. In the second experiment the filament was removed after 20 min of occlusion and mice were euthanized after 24 hrs recovery.

BrdU Treatment {#s0004-0003}
--------------

Animals were injected intraperitoneally with 5-bromo-2′-deoxyuridine (BrdU, Sigma) once a day for 5 days (100 mg/kg) starting one day after ischemic onset. BrdU labeled cells were visualized as described below in the *Immunohistochemistry* section. After immunohistochemistry, tissue sections were scanned using digital slide scanner Nanozoomer XR (Hamamatsu, SZK, Japan) using identical acquisition parameters. Cell counting was performed using ImageJ software. Threshold adjustments were set in order to count only immunopositive nuclei. BrdU labeled cells were counted in the complete ipsilateral hemisphere (3 sections per animal) and in a penumbra region adjacent to an infarct and in the latter case normalized by area in the sampled region and surface corresponding to the infarct area.

Immunohistochemistry {#s0004-0004}
--------------------

Animals were euthanized 24 hrs or 14 days after surgery. Mice received an overdose of sodium pentobarbital (120 mg/kg) and were then transcardially perfused with 0.9% saline solution followed by 4% paraformaldehyde. The brains were extracted then postfixed with formalin or methacarn. Paraffin embedded tissue samples were processed and serial 6 μm sections were cut. Immunohistochemistry was performed after deparaffinization and hydration processes. Slides were stained with Nissl, using standard protocol to delineate the infarct. For immunostaining, antigen retrieval in 10 mM citrate buffer pH 6 was performed in a pressure cooker. Endogenous peroxidase activity was blocked by treatment with 3% hydrogen peroxide for 6 min. After washes, sections were incubated overnight with primary antibodies: either neuron-specific nuclear protein antibody (NeuN, Millipore, 1:1000) to label neurons; glial fibrillary acidic protein (GFAP, Becton Dickinson, 1:1000) to label activated astrocytes and visualized with horseradish peroxidase using the DAKO ARK^™^ kit following the manufacturer\'s instructions. Sections were counterstained using Mayer haematoxylin, dehydrated and cover-slipped with permanent mounting medium. Prion protein expression was visualized using SAF83 antibody (Cayman, 1:500; the epitope corresponds to β strand 1- α helix 1 - β strand 2 region in the globular domain of PrP) and 12B2 (epitope corresponds to residues 88-92 of mouse PrP, a generous gift from J. Langeveld), while Sho was detected with the N-terminal antibody 06Sh1.[@cit0004] Autophagy was detected using LC3 (MBL, 1:4000). Newborn cells were detected using an antibody against BrdU (Thermofisher, 1:200). Pretreatment for BrdU was as follows: incubation in 4N HCl for 30 min at room temperature followed by 10 min incubation in 0.125% trypsin. Visualization was performed using DAKO ARK^™^ Kit. For immunofluorescence, the same procedure was applied using BrdU and GFAP or BrdU and NeuN as primary antibodies. The secondary antibodies used were streptavidin Alexa Fluor® 568 and Alexa Fluor® 594 Goat Anti-Mouse (Invitrogen). All histological and immunohistochemical analyses were determined in a blinded way. The slides were analyzed using digital slide scanner Nanozoomer XR (Hamamatsu, SZK, Japan).

Analysis of Lesion Volumes {#s0004-0005}
--------------------------

Brain sections from 10 equidistant rostrocaudal brain levels, 1 mm apart, were used (examples are presented in **Fig. S1**). After staining with Nissl, the sections were digitized using a Nanozoomer (Hamamatsu, SZK, Japan). Infarct volume was quantified using image analysis software (ImageJ, NIH, Bethesda, MD),[@cit0048] using the following formula: CIV = \[LHA**-**(RHA**-**RIA)\]**-**(thickness of section + distance between sections); in which CIV is corrected infarct volume, LHA is left hemisphere area, RHA is right hemisphere area, and RIA is right hemisphere infarct area.[@cit0049] This method helps to correct for edema in the ipsilateral hemisphere in order to achieve a more accurate assessment of infarct volume.

Statistical Analysis {#s0004-0006}
--------------------

All data are presented as mean **±** SEM. Statistical analyses were performed using GraphPad Instat version 3.0 (GraphPad Software, San Diego, CA, USA). Statistical significance was set at an α value of P \< 0.05. Between-group comparisons were compared using one-way analysis of variance (ANOVA) with assumption of Gaussian distributions.
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[^1]: Color versions of one or more of the figures in the article can be found online at [www.tandfonline.com/kprn](http://www.tandfonline.com/kprn).

[^2]: ^1^one death on day 7

[^3]: ^2^one death on day 2, *post mortem* reveals stroke occupying \~25% of brain area in mid-coronal section
